Cell migration is an important biological function that impacts many physiological and pathological processes. Often migration is directed along various densities of aligned fibers of collagen, a process called contact guidance. However, cells adhere to other components in the extracellular matrix, possibly affecting migrational behavior. Additionally, changes in intracellular contractility are well known to affect random migration, but its effect on contact guidance is less known. This study examines differences in directed migration in response to variations in the spacing of collagen, non-specific background adhesion strength and myosin II-mediated contractility. Collagen was microcontact printed onto glass substrates and timelapse livecell microscopy was used to measure migration characteristics. Increasing the number of lines a cell contacts or decreasing contraction led to decreases in directionality, but speed changes were context dependent. This suggests that while cell migration speed is a biphasic function of contractility, directionality appears to be a monotonic, increasing function of contractility. Thus, increasing the number of lines a cell contacts or decreasing contractility degrades the contact guidance fidelity.
Introduction:
Cell migration is an important cell behavior that regulates numerous physiological and pathological processes such as cancer metastasis (Friedl and Gilmour, 2009 ), but it also guides the dissemination of cells in tissue engineered constructs (Lutolf and Hubbell, 2005) . Insight into how cell migration is regulated in these environments will not only lead to therapeutic approaches to enhance or slow down migration during these biological processes, but also will inform models to predict migration behavior from static images of tissue biopsies (Anderson et al., 2006) or will guide the design of artificial tissues (Lutolf and Hubbell, 2005) . In order to achieve these goals cell migration behavior must be quantitatively characterized under different environmental conditions. Cells migrate by extending protrusions forward. These protrusions adhere to the surrounding extracellular matrix (ECM) through receptors or other non-specific charge-based interactions. Integrins constitute one large family of receptors, which bind specifically to ECM proteins such as fibronectin, laminin and collagens. However, cell adhesion can also be made through non-specific interactions between charged ligands and surface proteoglycans or other receptors (Mager et al., 2011; Massia and Hubbell, 1992) . While these charge-based interactions can cooperate to adhere new protrusions to the substrate, they lack in the ability to form focal adhesions (FAs) (Lehnert et al., 2004; Massia and Hubbell, 1992) . On the other hand, integrin interactions with ECM readily form FAs that can be attached to the actin cytoskeleton for structural support and can engage in intracellular signaling that can drive continued protrusion (Nayal et al., 2006; Zaidel-Bar et al., 2003) . After initial adhesion, contraction acts to both strengthen adhesion in the front and pull the rear of the cell up in the back, leading to translocation of the cell forward (Schneider et al., 2009; Totsukawa et al., 2000; Worthylake et al., 2001) . Consequently, adhesion and contraction are intimately coupled and represent two sides of the same coin (Parsons et al., 2010) . One example of this is random migration on highly adhesive substrates. At optimal migrational speeds, changing either adhesion, contractility, matrix stiffness can lead to decreased cell migration speed, resulting in a biphasic response (Dimilla et al., 1991; Gupton and Waterman-Storer, 2006; Peyton and Putnam, 2005; Zaman et al., 2006) .
In vivo migration is not random, but often times directed by extracellular cues such as aligned collagen fibers. For instance, metastatic carcinoma cells translate along collagen fibers as they exit the tumor (Provenzano et al., 2008a; Sahai et al., 2005; Wolf et al., 2003) . This migration behavior is called contact guidance (Dunn and Heath, 1976) . If the contact guidance cue is weak, cell migration is only weakly biased and not all migration steps are in the direction of the cue. If the contact guidance cue is strong, cell migration is strongly biased and most or all steps are in the direction of the cue. Early in the development of the tumor, collagen is organized circumferentially around the tumor mass. During tumor progression, these collagen fibers are reorganized by surrounding stromal cells resulting in large fiber bundles that extend radially from the tumor mass. This new collagen fiber morphology can then direct migration of cells out of the tumor (Provenzano et al., 2006) . While protease activity and fiber reorganization are both vital to the overall process of invasion and metastasis, protease activity seems to be most important during penetration through the basement membrane during initial exit out of the epithelial tissue or entrance into endothelial tissue of blood and lymph vessels (Mierke et al., 2008) .
This suggests that between these two points, cancer cell migration is determined to a large extent by the existing ECM. How fast cells migrate in that environment (speed) and how well the aligned fibers bias migration direction (directionality) are two primary indicators of if or how fast metastasis will occur.
Environmental characteristics such as fiber density (fiber-to-fiber spacing) and the concentration of charged accessory molecules in and around the ECM will impact both speed and directionality.
Additionally, certain soluble cues or matrix stiffness can regulate cell contractility (Sabeh et al., 2009; Wirtz et al.; Wolf et al., 2003) , another perturbation that might alter speed and directionality.
Developing in vitro environments where collagen organization can be controlled and cell migration characteristics measured will be a powerful approach to understand how cells sense directional ECM cues.
There are various approaches by which to organize and present fibers, including electrospinning collagen fibers (Matthews et al., 2002) , drawing suspended fibers across posts (Nain et al., 2008) , creating aligned thin films of collagen (Amyot et al., 2008) and growing collagen fibers on atomically smooth mica (Jiang et al., 2004) . Microcontact printing lines of ECM that mimic fibers have also been used. Microcontact printing in general is an effective way by which to direct cell migration (Kushiro et al., 2010) . Microcontact printing adhesive lines has been used to examine cytoskeleton structure or dynamics (Csucs et al., 2007; Pouthas et al., 2008; Rossier et al., 2010) , cell alignment and bridging across lines (Clark et al., 1992; Csucs et al., 2007; Desai et al., 2011; Doyle et al., 2009; Oneill et al., 1990; Rossier et al., 2010) , traction forces (Borghi et al., 2010; Rossier et al., 2010) and cell migration (Borghi et al., 2010; Csucs et al., 2007; Doyle et al., 2009; Kandere-Grzybowska et al., 2007; Maiuri et al., 2012 These reports did not fully address how line spacing, non-specific adhesion strength between lines and intracellular contractility impact directed cell migration. The speed of random migration is known to depend on cell contractility. However, does diminishing cell contractility alter the fidelity of contact guidance separate from or in addition to the speed? This can only be tested if the cells have an ability to adhere albeit in some limited way to regions between the contact guidance cues. How does the fidelity of contact guidance change when cells span multiple lines? These are important questions given that cells can attach to several ECM fibers simultaneously and move between fibers in vivo (Doyle et al., 2009 ) and that non-specific interactions with proteoglycans or other molecules distributed within the ECM might regulate cell adhesion and migration (Kuntz and Saltzman, 1997; Massia and Hubbell, 1992) . Consequently, we were interested in characterizing the directed migration of cells on substrates where we could probe how fiber density (line spacing), surrounding chemical composition (adhesion strength between lines) and intracellular contractility regulate the ability of cells to sense directional ECM cues. We used live cell microscopy to quantitatively measure cell migration behavior under different environmental conditions.
Results:

Microcontact printed lines of collagen direct cell migration
Rat adenocarcinoma cells (MTLn3) were plated on various patterns with tunable line spacing and non-specific background adhesion strength. In Fig. 1A , 3x10 m lines of fluorescently labeled collagen backfilled with poly-L-lysine polyethylene glycol (PLL-PEG) are shown. Cells display extending leading edge protrusions along the collagen lines. Fewer protrusions were made in the area treated with PLL-PEG, often resulting in concave membrane curvature over the PLL-PEG. Sometimes protrusions spanned the collagen lines, however the region of the protrusion directly over the PLL-PEG was less phase dense than the region over the collagen (Fig. 1A ). This preferential protrusion over the collagen lines often resulted in movement along the long axis of the collagen lines ( Fig. 1B ). Less frequently cells moved orthogonally to the lines, pulling their nuclei towards one line or another. In order to quantify the migrational behavior we measured both the distribution of the angles of movement and cell migration speed.
The angle of displacement with respect to the long axis of the collagen lines, , over a time lag, , was calculated for cells plated on 3x10 m patterns and backfilled with PLL-PEG (Col:PLL-PEG). This distribution of angles was compiled (Fig. 1C ). The cell moves primarily along the lines, resulting in the majority of values lying near 0. Interestingly, there seems to be a slight increase in frequency close to /2, suggesting a secondary preference for perpendicular movement over short time lags. However, this preference represents high frequency movement of the nucleus towards or away from lines and disappears at long time lags (Fig. 1C ). The cumulative distribution of displacement angles for a population of cells under one experimental condition and for one time lag can be fitted to a phenomenological model outlined in the materials and methods (Fig. 1D ). The fit to the cumulative distribution function seemed to be best for time lags of 10 minutes (Fig. 1D ). The parameters in the model include f  , the probability density value for displacements perpendicular to the lines, f , the probability density value for displacements parallel to the lines and k, the decay constant between f  and f in inverse radians.
These parameters seemed to stabilize for a time lag equal to or greater than 10 mins, indicating that directional memory might be less than ~ 10 mins ( Fig. 1D ). While the displacement distribution contains more information, a more convenient way is to measure a directionality index (DI), as described in the materials and methods. When the DI is 0, cell migration is random, when the DI is 1, cell migration is parallel to the long axis of the lines and when the DI is -1, cell migration is perpendicular to the long axis of the lines. The DI for the distributions shown in Fig. 1C is 0.47, 0.49, 0.50 and 0.52. In addition to the direction distribution and directionality, instantaneous cell migration speed was calculated as described in the material and methods. Cell migration speed was a decreasing function of time lag, but was not significantly different when the time lag was shorter than 10 min ( Fig   1E) . Given the response of the distribution of displacement angles and instantaneous speed, a time lag of 10 mins was used for the remainder of the paper.
Non-specific background adhesion strength results in differences in morphology and FA properties.
Collagen fiber density is never uniform over space in vivo (Provenzano et al., 2008a; Sahai et al., 2005; Wolf et al., 2003) . Additionally, other ECM components might be present to varying degrees in different regions in vivo. Consequently, we wanted to examine how cell migration was altered when cells were allowed to migrate on 3 m collagen lines spaced various distances apart (3-10 m) and backfilled with two molecules with different non-specific adhesion properties (PLL-PEG and PLL). We called these substrates Col:PLL-PEG and Col:PLL substrates, respectively. Cells are more adhesive towards PLL substrates than PLL-PEG substrates (Fig. S1 ). Cells adopted circular shapes on patterns with small distances between collagen lines on both Col:PLL-PEG and Col:PLL substrates ( Fig. 2A and   B ). However, cells on Col:PLL-PEG substrates often formed protrusions directly over the collagen lines only and had concave edges in areas over the PLL-PEG ( Fig. 2A ). Cells on Col:PLL substrates had smoother edges ( Fig. 2B ). As the line spacing increased cells became more elongated on both Col:PLL-PEG and Col:PLL substrates. However, cells on Col:PLL substrates at large line spacing usually spanned the same line, extending small protrusions over the PLL that were eventually retracted, whereas cells on Col:PLL-PEG substrates usually spanned more than one line ( Fig. 1A and 2C ). This is interesting because PLL is much more adhesive than PLL-PEG. Given the distinct morphology of the cells on different line spacing and non-specific background adhesion strength, we examined the actin cytoskeleton as well as FAs.
When collagen patterns were backfilled with either PLL or PLL-PEG and cells spanned numerous collagen lines, individual FAs were seen to form primarily over the collagen lines, however at times some FAs formed over the backfilled portions of the substrates ( Fig. 3A and   4 ). Many cells on Col:PLL substrates adopted a smooth edge morphology as shown above ( 
Collagen line spacing and non-specific background adhesion strength result in differences in directionality and migration speed
MTLn3 cells migrated well under any condition that we examined. Narrow line spacing resulted in directionality that is roughly independent of non-specific background adhesivity, however, at wide line spacing, directionality was low for Col:PLL-PEG and high for Col:PLL substrates indicating that Col:PLL and not Col:PLL-PEG substrates are perhaps better at directing cell migration ( Fig. 5A ). Speed behaved much differently. The average speed was generally between 25-40 m/hr. For line spacing less than 10 m, cells migrated on Col:PLL-PEG and Col:PLL substrates at similar speeds ( Fig. 5B ). However, on a lines spacing of 10 m, cells on Col:PLL-PEG substrates resulted in increased migration speed, whereas cells on Col:PLL substrates had decreased migration speed ( Fig. 5B) . Plotting directionality as a function of cell migration speed revealed an inverse and roughly linear behavior ( Fig. 5C ). However, cells tended to make contact with different numbers of lines, even on substrates with the same line spacing and backfilling molecule. Consequently, we examined the data when grouped based on the average number of lines that a cell contacted.
The number of lines and the amount of collagen that a cell contacts regulate cell directionality and migration speed
The number of lines that each cell contacted was determined by visual inspection and averaged over the imaging time. The average number of lines that each cell contacted decreased with increasing line spacing as would be expected (Fig. 6A ). In addition a simple function that includes the cell's average diameter on uniform collagen substrates fits the data well (see materials and methods). At narrow line spacing both PLL-PEG and PLL substrates act similarly, whereas they diverge at wider line spacing. On the other hand collagen fluorescence, which is an indication of collagen concentration was quantified and found to vary only slightly (Fig. 6B ), and independently of line spacing or backfilling molecule.
Since the number of lines contacted varied greatly, we grouped data based on this metric and examined cell directionality and migration speed. The bins were determined by splitting the distribution of lines contacted into thirds (lines contacted: < 3, 3-5, and > 5).
Cells attached to one line have little chance to move in directions perpendicular to that line. In contrast, cells attached to many lines can generate force between the lines and perhaps pull themselves perpendicularly to the long axis of the lines. Consequently, one would expect higher directionality in cells touching fewer lines. On Col:PLL-PEG, Col:PLL and Col:FN substrates, the directionality decreases as a function of the number of lines that a cell contacts and higher non-specific background adhesion generally produces better directionality ( Fig. 7A and Fig. S2C ). Speed has a slightly different relationship. It has been shown that migration speed has a biphasic response to the density of extracellular matrix (ECM) concentration or more generally, the adhesivity of the substrate. On one side of this biphasic curve, increasing adhesivity decreases cell migration speed. For cells migrating on few lines speed is highest on the less adhesive PLL-PEG substrate, lower on the more adhesive PLL substrate and lowest on the very adhesive FN substrate. At high numbers of lines contacted cell migration speed converges for all different substrates ( Fig. 7B and S2D).
Cell contractility regulates cell directionality and migration speed
Given that non-specific background adhesion alters both cell directionality and migration speed and that contraction is intimately linked to the cell's ability to overcome adhesion, we examined how cells respond to decreased levels of myosin II-mediated contractility. We treated cells with low levels of blebbistatin, a myosin II inhibitor, to partially inhibit contractility. The IC 50 of blebbistatin is 0.4-1.6 M, but doses as high as 30 M are required for abolishment of traction force and cytoskeletal architecture (Cai et al., 2006; Kovacs et al., 2004) . When cells were treated with high blebbistatin concentrations, migration was arrested (Fig. 8F) . This threshold was different for the different non-specific adhesive backgrounds (Fig. 8F ). However, morphology of the cells did not vary much between cells on either side of this threshold (Fig.   8A . -D.) . Directionality decreases with blebbistatin concentration on both Col:PLL-PEG and Col:PLL substrates (Fig. 8E ), but this trend is more apparent when cells contact an intermediate number of lines (Fig. 8G) . The alteration of migration speed by blebbistatin treatment was dependent on the substrate (Fig. 8H ). On the Col:PLL-PEG substrates, migration speed was uniformly decreased, whereas on the Col:PLL substrates migration speed was unchanged (Fig. 8H ).
This demonstrates that decreasing contractility acts to modulate directionality and cell migration speed.
Discussion:
Contact guidance biases migration along an axis of fibers or fiber-like structures. If that contact guidance is strong, the migration can be described as random 1D migration. If that contact guidance is weak, the motion is simply biased 2D migration. Random migration in 1D, 2D or 3D can be characterized by a persistence time (or length) and a cell migration speed. Persistence time is the time over which both the magnitude and direction of cell velocity remain constant. Correlations between persistence and cell migration speed in 2D random migration have revealed that as migration speed increases persistence time decreases across several different cell lines (Lauffenburger, 1993) .
Fibroblasts move slowly with high persistence, whereas neutrophils move quickly with low persistence.
Conversely, correlations between persistence and cell migration speed in 1D random migration (strong contact guidance) have revealed that as migration speed increases persistence time increases across several different cell lines (Maiuri et al., 2012) . The relationship we have found matches more closely with that seen in 2D. Directionality is a decreasing function of cell migration speed, which makes sense given that the above experiments clearly show that migration is biased, but not confined to 1D. In addition, we only probed this behavior in one cell type under different conditions as opposed to different cell types under the same condition. It is still yet unexplained why cells make a qualitative switch in this behavior between 1D and 2D, but Maiuri suggest that pathways associated with polarization are coupled to pathways that mediate cell migration speed in 1D. For whatever reason, different pathways might regulate polarity or cell migration speed in 2D leading to a different dependence. Indeed, the cytoskeleton and FAs operate much differently between 1D and 2D (Doyle et al., 2012; Doyle et al., 2009 ).
In addition to this relationship between directionality and speed, our intent was to assess how the density of the contact guidance cues (line spacing), non-specific background adhesion and cell contractility affected the fidelity of contact guidance separate from or in addition to migration speed. These are important questions given that cells can attach to several ECM fibers simultaneously and move between fibers in vivo (Doyle et al., 2009 ) and that non-specific interactions with proteoglycans distributed within the ECM might regulate cell adhesion and migration (Iozzo, 1998; Massia and Hubbell, 1992) . Indeed, we found that line spacing did affect contact guidance fidelity in that it set the number of lines that a cell spans. In addition, decreasing contractility diminished the contact guidance fidelity (Fig. 9) .
Printed collagen directs cell migration by encouraging FA formation over collagen lines, even when the area between the collagen lines is backfilled with a non-specific adhesive molecule.
Directionality increases as line spacing increases due to a fewer number of lines contacted by. This somewhat contradicts Borghi et al. who showed that directionality decreased as line spacing increased, however they did not keep the collagen line width the same as we did in this report and the backfilling agent was a more specific adhesive molecule, E-cadherin antibody. In addition to directionality, cell migration speed remains constant on Col:PLL-PEG substrates and increases on Col:PLL substrates with increasing number of lines contacted. The response of cell migration speed to the number of lines seems to vary based on context. Borghi et al. showed that speed decreases, Csucs et al. showed that speed remains constant and Doyle et al showed that speed increases with increasing line spacing. This is most likely due to the differences in the ECM type as well as the backfilling agent used in each of these studies. Additionally, cells migrated as fast (Borghi et al., 2010; Csucs et al., 2007) or faster (Doyle et al., 2009 ) on these contact guidance substrates as compared to the uniform substrates. For instance, Doyle et al. showed that cells migration speeds were dramatically enhanced when cell migration was confined to 1D as opposed to 2D. Optimal speed (~65 m/hr) was attained during 1D migration on 2.5 m lines, a line width very similar to the one used in this study. The fastest reported 2D migration speed was ~35 m/hr. The authors argue this enhanced migration rate is most likely due to alterations in adhesion stability and mechanical coupling between the cytoskeleton and FAs (Doyle et al., 2012; Doyle et al., 2009) . Our cell migration speeds on contact guidance substrates are roughly similar or slightly less than what we have measured in 2D using collagen and PLL in the same cells (Hou et al., 2012) .
In addition to line spacing, we were able to elucidate the effect of the non-specific adhesiveness of the background on cell directionality. At first glance, one might predict that nonspecific background adhesion would deteriorate the directional signal that the collagen lines transmit to the cell by adding adhesive "noise" to the directional signal. However, this seems not to be the case. Borghi et al. partially addressed this in the context of competing signals for cellcell attachment and cell-ECM attachment by patterning lines of E-cadherin antibody (cell-cell signal) and collagen IV (cell-ECM) (Borghi et al., 2010) . They showed that as the concentration of E-cadherin antibody in the background increased, migration speed remained constant (< 15 m/hr), but directionality increased. This was explained in part by enhanced localization of FAs to collagen IV regions with increasing E-cadherin antibody concentration. This led to orientation of traction forces along the lines, presumably from increased cytoskeletal orientation (Rossier et al., 2010) . This agrees with our data showing that a non-specific adhesive molecule (PLL) can still support high directionality. Additionally, cells on Col:PLL substrates seemed unable to form broad lamellipodia on the PLL unless the line spacing was small. This agrees with data showing that for narrow collagen line spacing PLL does not allow for FAs to form, resulting in the inability to resist protrusion or contractile loads by the actomyosin cytoskeletal network. Indeed, our data above and others have shown that PLL is not sufficient for robust FA formation or proper cytoskeletal structure and dynamics (Alexandrova et al., 2008; Lehnert et al., 2004) .
However, when collagen lines are close, they can withstand the burden of forces generated by the cytoskeletal network (Csucs et al., 2007) . The idea that non-specific adhesive backgrounds might better confine migration in a particular direction might explain the presence of auxiliary ECM components like proteoglycans that might not be directly involved in migration or contact guidance per se, but could alter contact guidance indirectly (Iozzo, 1998) .
Finally, while others have examined how contractility or ECM stiffness affects cell speed during random migration (Gupton and Waterman-Storer, 2006; Peyton and Putnam, 2005) and during contact guidance on line patterns (Doyle et al., 2009) , no one has examined how contractility affects directionality. We focused here on examining contractility, noting that changes in ECM stiffness can regulate contractility too and likely have effects on the fidelity of directed migration, but most likely affect directional migration through altering adhesion and contractility. Well known biphasic relationships regulate the dependence of cell migration speed on contractility. Given a substrate with high non-specific adhesion and an optimal cell migration speed, decreasing the contractility slows the cell by making it harder to overcome the non-specific background adhesion. Increasing the contractility slows the cell by constantly retracting protrusion. Directionality appears to operate differently. Contact guidance is highly dependent on organizing F-actin structures in the direction of the contact guiding cue. Contraction helps in this organization and effectively couples the alignment of the cytoskeleton with the alignment of the contact guidance cue. More contraction leads to better alignment, resulting in a monotonic relationship. Whether this relationship between contractility and contact guidance fidelity holds for 3D matrices is still an open question. While Rho-mediated contractility is important in 3D contact guidance responses, it appears to regulate ECM remodeling rather than contact guidance cue sensing (Provenzano et al., 2008b) . However, tumor environments tend to be quite stiff (Levental et al., 2009; Paszek et al., 2005) and cells in these environments might be more sensitive to contractility inhibition at the level of cell migration.
This paper demonstrates that the number of lines a cell contacts affects the fidelity of contact guidance. Furthermore, non-specific adhesion can actually enhance directional migration. Finally, while cell migration speed is a biphasic function of cell contractility, directionality appears to be a monotonic, increasing function of cell contractility. Thus, decreasing contractility degrades the contact guidance fidelity (Fig. 9 ).
Materials and Methods:
Microcontact printing
All chemicals were purchased from Sigma (St. Louis, Missouri, US) or Fisher Scientific (Hampton, New Hampshire, US) unless otherwise noted. Coverslips used for microcontact printing were aldehyde functionalized. No. 1 ½ 22 mm square coverslips (Corning Inc., Corning, New York, US) were sonicated in the following solutions: hot tap water with Neutrad (Decon Labs, King of Prussia, Pennsylvania, US), hot tap water, distilled water, 1 mM EDTA solution, 70% ethanol in water and 100% ethanol. An adaptation of a protocol to functionalize coverslips with glutaraldehyde was used (Branch et al., 1998) . The coverslips were soaked in a 3:1 sulfuric acid:30% hydrogen peroxide solution, washed with double distilled water and placed in a solution of 1% aminopropyltriethylsilane (APTES) in 10 mM acetic acid. They were then heat-treated in an oven at 100 °C. Finally, the coverslips were treated with 6% glutaraldehyde in phosphate buffered saline (PBS) (Gibco, Grand
Island, New York, US). The coverslips were stored in double distilled water at 4 °C until use.
Masks for the patterns were purchased through Microtronics, Inc. (Newton, Pennsylvania, US). SU-8 photoresist (MicroChem, Newton, Massachusetts, US) was spun on fused silica wafers, exposed to UV light through the mask and developed per the manufacturer's recommendations. Polydimethylsiloxane (PDMS) stamps were created by mixing 184 Silicone Elastomer Base (Dow Corning, Ellsworth Adhesives, Germantown, Wisconsin, US) with its curing agent in a 10:1 weight ratio and then allowing it to spread on top of a fused silica master.
The master coated with PDMS was exposed to a vacuum to remove any air bubbles and heated for an hour at 60 °C to cure the PDMS. PDMS stamps were sonicated in double distilled water and in 100% ethanol. A 200 µL collagen solution of 75 µg/mL collagen I and 25 µg/mL alexa 555-labeled collagen I in 0.5 M acetic acid was applied to each stamp. After a 40 min incubation, the collagen solution was wicked off and then applied to an aldehyde-functionalized coverslip. This system was allowed to incubate for fifteen minutes, and then the stamp was MTLn3 cells were incubated on patterned coverslips for six hours and either fixed and stained as performed previously (Schneider et al., 2009) or transfected with paxillin-EGFP as performed previously (Hou et al., 2012) . F-actin was stained using alexa 488-phalloidin (Life Technologies) and
paxillin was stained using mouse-anti paxillin antibody (349, BD Biosciences) and a donkey-anti mouse Cy5 antibody (Jackson ImmunoResearch). Fixed and stained cells were imaged by epifluorescence imaging using a 100× or 60× oil objective (NA 1.49, Nikon) and live cells were imaged by total internal reflection fluorescence imaging using a 60 oil objective (NA 1.49, Nikon) . Images were taken using the same microscope, camera and software and described above. Live-cell FA characteristics were measured as before (Hou et al., 2012; Wűrflinger et al., 2010) with the exception that FAs were grouped based on whether they were off or on collagen lines.
Myosin II inhibition
(-)-Blebbistatin (Calbiochem, San Diego, California, US) at 0.3, 3.0 or 30 µM was used to inhibit myosin II ATPase activity in the cells. After the cells were plated on the patterned substrate for three to four hours they were exposed to subculturing media with a blebbistatin concentration for two hours. The cells were then imaged in an imaging media containing the identical blebbistatin concentration.
Migration data analysis
The cells in the image sequences were manually tracked using MtrackJ, an ImageJ add-on. The nucleus of each qualifying migrating cell was tracked. Only cells that lived for or stayed within the bounds of the imaging field for at least six hours and migrated were tracked. A cell that divided must have migrated by itself for six consecutive hours, without interruption by cellular division to be tracked. A cell resulting from division must migrate for six hours on its own, following the same criteria as a nondividing cell. In addition, any cells on damaged line segments were not counted. The position of each cell was logged using MtrackJ and the directionality and migration speed was calculated using a MATLAB script. The movement of the cell from one position (x 1 , y 1 ) to another position (x 2 , y 2 ) over a given time interval (t 1 to t 2 ) was used to calculate the angle of displacement with respect to the long axis of the collagen lines,  and the migration speed, S. The time interval is referred to as the time lag ( = t i+1 -t i ). Different time lags can be used to calculate  and S. For instance, instead of using positions at t i and t i+1 , one could use positions at t i and t i+2 , increasing the time lag by a factor of 2. Therefore, the smallest time lag corresponds to the sampling frequency of the image sequences which is ~ 2 mins. The angle distributions were assembled using all 's from each non-overlapping time interval from all cells at a particular condition. The angle of displacement with respect to the long axis of the collagen lines, , ranges from 0 to /2, where 0 corresponds to displacement parallel to the collagen lines and /2 corresponds to displacement perpendicular to the collagen lines. An empirical formula for the probability density function for the angle of migration was generated and is as follows: 
where N is the number of time intervals contained in an individual cell track and  i is the angle of cell movement with respect to the collagen lines between two times (t i+1 -t i = ). This value was then averaged among cells to construct an average DI for a given condition. Cell migration speed, S, was calculated for each cell using the following equation:
where N is the number of time intervals contained in an individual cell track and ∆x and ∆y are the x and y displacements between two times (t i+1 -t i = ). This value was then averaged among cells to construct an average S for a given condition. The selection of time lags is explained in the results section. The number of lines that each cell contacted was averaged over the timelapse and for a particular condition.
The number of lines contacted as a function of lines spacing was fitted to
where N lines is the number of lines a cell contacts, D cell is the average diameter of cells plated on uniform collagen substrates (~30 m) and l spacing is the spacing between lines. 
where F cell is the background subtracted average fluorescence under the cell, F coll, direct (~370 a.u.) is the background subtracted fluorescence transferred directly by the stamp and F coll, indirect (~200 a.u.) is the background subtracted fluorescence transferred indirectly by the stamp.
Adhesion analysis
Glutaraldehyde-functionalized coverslips as described above were either untreated, backfilled with PLL or PLL-PEG as described above, stamped with flat PDMS stamps inked with collagen as described above or stamped with collagen and backfilled with PLL or PLL-PEG. Cells were allowed to spread on treated coverslips for 4 hrs. Coverslips were placed on a coverslip spinner (http://www.proweb.org/kinesin/Methods/SpinnerBox.html) and were spun for 5 s at 4000 RPM while media was continuously added to the coverslip to eliminate the drying of the sample. The more adhesive the cell, the more likely it is to remain attached after imparting the shear stress (Garcia et al., 1997) . Ten images at random positions, but at equal distances from the center before and after spinning on two independent samples were taken. The fraction of the cells left was calculated. All fractions were normalized to the largest fraction. Error bars are 95% confidence intervals. Figure S1: Cell Adhesion Strength: Cells were plated on unpatterned substrates as described in the materials and methods and spun in media. Cell number was counted before and after spinning and the fraction remaining was normalized to the largest fraction (Col:PLL) (n samples = 2 and n images = 10). Error bars represent 95% confidence intervals.
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